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ABSTRACT
In ultrasonic imaging, reduction of lateral sidelobes results in an improved
image with less distortion and fewer artifacts. In general, apodization is used
to lower sidelobes in exchange for increasing the width of the mainlobe and
thus decreasing lateral resolution. Null subtraction imaging (NSI) is a non-
linear image processing technique that uses different on-receive apodizations
on copies of the same image to reduce sidelobe levels while also dramatically
improving lateral resolution. In the NSI technique, three apodization func-
tions are applied on receive. The images created with the different weighting
schemes are then added to form a new image with improved sidelobe perfor-
mance and better lateral resolution compared to conventional apodization.
To evaluate the performance of this technique, experimental tasks were per-
formed with an ATS539 phantom containing wire targets to assess lateral
resolution and cylindrical anechoic and hyperechoic targets to assess con-
trast. A 9L4 array was used in the measurements connected to an Ultrasonix
RP system with a SonixDAQ. Image reconstruction involved using delay and
sum beamforming with apodization. Images were constructed using NSI and
compared with a rectangular weighted aperture. In experiments, the lateral
resolution was observed to improve by a factor of up to 25 times when com-
pared to rectangular apodization. Image quality was assessed by estimation
of lateral resolution (-6-dB receive beamwidth), the mainlobe to sidelobe ra-
tio (MSR) in dB and estimation of the contrast-to-noise ratio (CNR). At
f/# = 2 focusing with NSI, the -6-dB beamwidth on receive as measured
from a small wire target in the ATS phantom was 0.12λ. Sidelobes were
observed to decrease at each f/# by an average of 29 dB with NSI compared
to rectangular apodization. However, the ability to observe the contrast of
hyperechoic and anechoic targets was lost when utilizing the NSI scheme,
decreasing from -2.13 dB to -0.71 dB for an anechoic target. This could be
mitigated by compounding NSI with the B-mode image.
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CHAPTER 1
INTRODUCTION
In modern medical ultrasonic imaging, ultrasonic pulses (that is, pressure
waves of frequencies greater than 20,000 Hz) are used as a way of non-
invasively imaging the human body. These pulses are transmitted into the
human body typically through the use of a transducer array of piezoelectric
elements. Impedance matching gel is used to ensure that most of the pulse’s
energy is transmitted into the body. Once in the body, objects in the field
such as different layers of tissue, nerves, muscle, and tumors will cause scat-
tering and reflection of the ultrasonic pulse. Scattered and reflected waves
generated by these objects will propagate back to the array, where these
backscattered echo data are captured by the array of transducers. In con-
ventional B-mode imaging, the received signals composed from these echoes
are beamformed via a delay-and-sum algorithm, and envelope detected via
taking the absolute value of the analytic signal. The decibel values of the
collective signals are then calculated with respect to the maximum value of
all signals, and stacked together to create the image.
Each element of a linear array produces a directed wave. Assuming a rect-
angular aperture, interference between these waves in the far field gives rise
to a radiation pattern described by a sinc function with sidelobes located
13 dB lower than the mainlobe, and a mainlobe width limited by diffraction
effects. The sidelobes in the radiation pattern result in distortions and ar-
tifacts in the subsequent image. For example, in an image of a point target
using an apodization that gives rise to high sidelobes, distortions can be seen
laterally on each side of the target with smeared copies of the target.
On both transmission and reception, weights may be assigned to the ele-
ments of a transducer array to shape its radiation pattern. This weighting is
called apodization. Apodization techniques traditionally have been used to
trade increasing mainlobe width for lower sidelobes. For example, applying
weights to the elements using a Hamming window widens the mainlobe in
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exchange for sidelobes 40 dB lower than the mainlobe. Conversely, parabolic
weighting schemes can be implemented that actually narrow the mainlobe
with the tradeoff of bringing up the sidelobe levels.
When talking about spatial resolution in ultrasound imaging, a distinction
must be made when discussing axial or lateral resolution. The axial resolu-
tion is the resolution of the image in the direction parallel to the propagation
of the beam, and is mostly dependent on pulse length. Many techniques have
already been developed to improve axial resolution such as pulse compres-
sion and deconvolution. However, comparatively few techniques have been
developed to improve the lateral resolution, as well as keep sidelobe levels to
a minimum.
In this thesis, a new method of apodization is proposed that will markedly
improve the lateral resolution of the imaging system by a factor of 25 or more
times compared to rectangular apodization, while simultaneously keeping
sidelobes low. The apodization scheme relies on using a null in the beam
pattern to achieve imaging. In effect, a beam based on the inversion of the
null is produced resulting in a very narrow beamwidth. Because the null of
a beam can fall off faster than the roll-off of the mainlobe, spatial resolution
can be improved over imaging with the mainlobe.
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CHAPTER 2
LITERATURE REVIEW
Apodization of the transducer elements is analogous to windowing a time-
domain signal. Choosing a window function that reduces the sidelobes while
still maintaining an optimal mainlobe width is a classical problem in sig-
nal analysis. For most apodization schemes, reducing the sidelobes through
apodization has the tradeoff of widening the mainlobe [1]. In 1946, Dolph
developed a weighting method, or apodization, using Chebyshev polynomi-
als for a linear array antenna that shaped its radiation pattern such that the
minimum mainlobe width was achieved for a given maximum sidelobe level
[2]. This distribution function was then improved upon by Taylor in 1954
for the continuous line sources [3] resulting in tapered sidelobes located far-
ther from the mainlobe. In 1982, t’Hoen did a study applying nine different
apodization schemes to a linear ultrasound array and studying their effects
on the image quality, finding that four of these schemes (cosine, Hamming,
sinc, and 10% truncated Gaussian) produced more desirable results than a
rectangular weighted scheme [4].
More recently, Guenther and Walker developed apodization functions using
a constrained least squares implementation [5, 6]. In that work, apodization
functions were created that reduced sidelobe levels below that of a Hamming
apodization while maintaining mainlobe width. In another more recent ap-
proach, Seo and Yen applied a dual apodization with cross-correlation scheme
(DAX) to reduce clutter and sidelobe levels [7]. Wang developed an approach
to select different sets of apodization functions to preserve mainlobe width
and reduce sidelobe levels [8]. In a more recent work, Guo et al. attempted
to improve the lateral resolution of ultrasonic images at different depths by
implementing a dynamic apodization scheme [9]. However, their results pro-
vided only a marginal improvement in lateral resolution of images. Finally,
Sung and Jeong introduced an apodization method that included multiple
apodizations of the same data to achieve sidelobe reduction while maintaining
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mainlobe width similar to rectangular apodization [10]. In their simulation
studies they were able to suppress sidelobe levels by 9 dB while maintaining
mainlobe width comparable to rectangular apodization.
In 2009, Holfort et al. proposed a minimum variance approach to beam-
forming implemented in the frequency domain that provided complex apodiza-
tion weights for each frequency subband [11]. This technique resulted in
significant improvements in lateral resolution in simulation. The density of
scatterers within a resolution cell was set to be high so that speckle in the
simulated image would be fully developed. This showed that there was lit-
tle loss in the CNR of an anechoic target when the technique was applied.
However, scatterers may not be as dense in a real medium; therefore, CNR
may decrease in magnitude in an experimental image.
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CHAPTER 3
METHODS
The far-field beam pattern from an ultrasonic transducer or an array is re-
lated to the Fourier transform of the product of the aperture function and the
apodization function [1]. For example, the beam pattern for a rectangular
function is a sinc (see Fig. 3.1c). Based on these Fourier transform pairs,
the beam pattern from an apodization function with a zero-mean weighting
Figure 3.1: Apodization functions and their respective beam patterns. (a)
A rectangular apodization function where all 32 elements are weighted
equally. (b) A zero-mean function where half of the elements are weighted
with equal magnitude but opposite sign than the other half. (c) The beam
pattern of a transducer weighted with the function in (a). (d) The beam
pattern of the same transducer weighted with the function in (b).
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Figure 3.2: Illustration of NSI beam pattern vs the rectangular apodization
beam pattern.
across the array results in a null occurring at broadside. Figure 3.1d shows a
zero-mean apodization function’s predicted beam pattern. The beam pattern
for a rectangular window (no apodization) maintains a beamwidth limited by
diffraction. However, if we compare the width of the rectangular apodization
with one minus the zero-mean apodization beam pattern, the shape of the
main beam falls off much faster for the ‘inverted’ null beam. The property
of the null beam can be exploited through a novel approach, hereafter re-
ferred to as the “bridging” approach, to improve the lateral resolution while
maintaining low sidelobes. Figure 3.2 shows an illustration of the NSI beam
pattern with a much narrower beam width compared to rectangular apodiza-
tion, and with the characteristic “point” at the top of the mainlobe given by
“inverting” the null beam.
In our implementation, received signals are acquired after using plane wave
imaging on transmit, and are described by Eq. 3.1, where VR is the received
voltage, AR,i are the received apodizations, VT is the transmit voltage, and
Rf is the focus distance (for plane wave imaging, Rf is set to infinity),
VR(t) =
N∑
i=1
AR,iVT (t+
2Rf
co
). (3.1)
6
Two approaches were originally tested for NSI, the first being termed the
“masking approach” and the second being termed the “bridging approach.”
3.1 The Masking Approach
Before settling on the bridging approach of apodization, another approach
was tested in simulation that involved subtracting an image with a zero-mean
apodization from a scaled version of a rectangular apodization such that the
two “mainlobes” of the zero-mean image’s beam pattern were masked by
the mainlobe of the rectangular image. This was thus called the “masking”
approach.
The masking approach was originally proposed in a study by Savoia et al.
[12]. In that work using the masking approach, marginal improvements in
lateral resolution were achieved with some sidelobe suppression. In the mask-
ing approach, apodization weights are applied to two copies of the raw RF
data on receive. In our simulations, the apodization combinations we tested
for this method were: A rectangular window to provide the mainlobe image,
with a single square wave cycle to provide the zero-mean image. The received
signals are then beamformed, envelope-detected, and normalized such that
each image has the same maximum value. They are then subtracted:
E(VR,3(t)) = |εE(VR,1(t))− E(VR,2(t))| , (3.2)
where ε is a scale factor associated with the first received signal and can be
adjusted to cancel sidelobes. Without this scale factor, sidelobes resulting
from the subtraction would be higher due to the large differences in magni-
tude between the two images at the sidelobe locations. Increasing this scale
factor increases the magnitude of the main image relative to the null image.
As the scale factor increases, the sidelobe levels of the final image decrease,
but the mainlobe width increases.
3.2 The Bridging Approach
In the bridging approach, an image is first constructed using the zero-mean
apodization on receive. Apodization is only used on receive such that the
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technique can be entirely implemented via post-processing. A second image
is constructed by taking the zero-mean apodization and adding a small DC
constant to the apodization, giving
AR1,i =
{
1 : 1 ≤ i < N
2
−1 : N
2
≤ i ≤ N (3.3)
AR2,i = AR1,i + c, (3.4)
where AR,i is the receive apodization weight for element i, N is the num-
ber of elements in the subaperture of the array, and c is the DC constant.
Because using this apodization would put more energy on one side of the
beam pattern, an image is formed using a third apodization constructed by
mirroring the weights of the second apodization. These two new apodized
signals are beamformed, the envelope taken, and added together to produce
a new image, i.e., the DC apodization image. This image is nearly equivalent
to that of one taken with the null producing apodization, with the exception
of a “bridge” of small, positive nonzero values between the two mainlobes of
the null beam pattern and other smaller deviations. Figure 3.3 shows graphs
of the beam patterns with and without the bridging and the effect that differ-
ent levels of DC bias have on the level of the “bridge.” The signals acquired
using the zero mean apodization are then beamformed, the envelope taken,
normalized such that the maximum value of the envelope images is unity,
and subtracted from the DC apodization image.
In the DC apodization scheme, an adjustable parameter is the amount of
DC bias applied to the apodization weights. By increasing the DC bias, the
level of the “bridge” is increased. The level of the DC bias allows a tradeoff
between sidelobe levels and mainlobe width. However, above a certain level
increasing the DC bias does nothing to improve mainlobe width but still
increases sidelobe levels.
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Figure 3.3: Beam patterns of a transducer apodized with a zero-mean
function (solid line), and a “bridged” function (dashed line). (a) The
constant added to this zero-mean function was .01. (b) The constant added
to this function was .05.
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3.3 Simulation Procedures
To predict performance of the apodization schemes, simulations were con-
ducted using Field-II [13, 14]. Simulations were first conducted on a single
point target located at the elevation focus of the simulated array to compare
the utility of the masking and bridging apodization approaches. The best
approach was then used with simulations of four wire targets located at in-
creasing depths to compare the improvements provided by NSI compared to
rectangular apodization with respect to increasing depth. An L9-4/38 array
transducer was simulated to match the physical experiments. The simulated
array had a pitch of 0.3048 mm, an element width of 0.2698 mm, an elevation
focus of 19 mm, and a bandwidth of 4-9 MHz with a center frequency of 5
MHz. A plane wave was simulated in transmission. The sound speed of the
medium was set to 1540 m/s, and the sampling rate was set to 100 MHz.
For the masking technique, an  of 1.5 was used, and for the rect-bridge, a
c of 0.05 was used. Beamforming on receive was achieved using a delay and
sum algorithm with 32 element subapertures of the array. Images were gen-
erated using Field II and the apodization schemes were implemented. The
width of the mainlobe was estimated at -6 dB. The sidelobe levels were es-
timated and the mainlobe to sidelobe ratio (MSR) was calculated in dB for
each apodization approach. To compare the utility of the technique under
noisy conditions, additive white Gaussian noise was added to the simulated
RF data before beamforming at signal to noise ratios (SNR) of 35 dB and 10
dB. The mainlobe width was then again estimated at -6 dB. This provided
an estimate of how the beamforming technique would perform on data that
included noise, i.e. RF data collected from a clinical diagnostic system.
3.4 Experimental Procedures
To assess the performance of the novel apodization scheme, experimental
measurements were acquired from an ATS539 phantom using an L9-4/38
clinical array transducer (measured center frequency of 5 MHz with 128 ele-
ments) and an Ultrasonix RP with a SonixDAQ. It is not possible to extract
pre-beamformed RF data from the Ultrasonix RP, as it performs delay and
sum beamforming in its hardware before the signals are received by the sys-
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tem. The SonixDAQ was necessary to allow the collection of raw RF data
that could be post-processed using NSI. The L9-4/38 was positioned over the
ATS phantom scan window. A 5-MHz plane wave was transmitted at broad-
side by pulse exciting each element and the received RF signal was recorded
from each of the 128 elements at a sampling frequency of 80 MHz. To re-
construct the images, delay and sum (DAS) beamforming was used, with
32 element subapertures and linear sequential beamforming for each scan
line. The apodizations used in the reconstructions were based on a zero-
mean function where half the elements were weighted at one, and the other
half weighted at negative one (two rectangular windows and designated as
the rect-bridge scheme). The second apodization used was equal to the first
with the exception of a small positive constant added to all element weights.
The second apodization was then flipped to form the third apodization.
As the results will show, the -6 dB beamwidth was often smaller than
the pitch of the array. For a single image with 128 scan lines, the mini-
mum distance one can measure for the -6 dB beamwidth is the width of a
scan line, i.e. the pitch, which was not enough to accurately measure the
-6 dB beamwidths of the targets. Therefore, to more accurately character-
ize the beamwidth of NSI, a finer lateral resolution was required. This was
accomplished by acquiring 128 scan lines then physically moving the array
laterally, using a micro-positioning system, in steps of 5 microns to fill in
additional sets of 128 scan lines in between the pitch of the array as shown
in Fig. 3.4. At each position of the array a new set of 128 scan lines was
acquired. In total, to span the pitch of the array, the array was moved 61
times with the 5 micron step size yielding 7808 scan lines in total.
The ATS539 multi-purpose phantom was used to test the effectiveness of
the technique at varying depths, and to evaluate if the technique affected
the contrast to noise ratio (CNR) of contrast targets (both hyperechoic and
anechoic) in the phantom, with CNR defined by
CNR =
µin − µout
[σ2in − σ2out]
1
2
, (3.5)
where µin is the mean of the normalized decibel-scale data of the image (E)
inside the target, µout is the mean of (E) outside the target, σ
2
in is the variance
of E inside the target, and σ2out is the variance of E outside the target. The
CNR was calculated by taking a square sample region inside the target and
11
Figure 3.4: Illustration of experimental setup.
taking a square sample region outside the target of equal size but located at
the same axial depth. For the hyperechoic target, a 6 mm by 6 mm region
(corresponding to 660 by 950 samples) was used. The anechoic targets were
smaller; therefore, a region of 2.5 mm by 2.5 mm (corresponding to 280 by
500 samples) was used.
In addition to the hyperechoic and anechoic targets, the phantom con-
tained a variety of wire targets in different configurations. These wire targets
were made of nylon and had a diameter of 0.12 mm. The wire targets were
used to experimentally quantify the beamwidth and MSR associated with
the NSI technique and assess the ability of NSI to detect small point-like
targets. The beamwidth was estimated at the -6-dB level taken from cross
sections of the image at the successive focal depths. Similarly, the MSR was
also calculated from the same cross sections.
To test the influence of noise on the NSI approach, zero-mean white Gaus-
sian noise was added to the pre-beamformed RF data from the wire targets
at SNRs of 35 dB and 10 dB using Matlab’s awgn() function. The SNRs were
then verified by subtracting the image without the added noise from the noisy
image, leaving effectively an image only comprised of noise. The variance of
each scan line was calculated, as well as the mean of these variances. Put
into a log scale, this number was taken to be the SNR. DAS beamforming
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techniques using NSI apodization and rectangular apodization were used to
reconstruct the images. The beamwidth, MSR and SNR were quantified
for different levels of added noise and compared between the apodization
schemes.
Finally, the speckle statistics were quantified for NSI and compared to
rectangular apodization. The reason for this calculation was that the images
produced by NSI result, by their nature, in very point-like speckle targets,
resulting in speckle that was not fully developed. Specifically, the speckle
SNR was calculated as
sSNR =
〈|E|〉
[〈|E|2〉 − 〈|E|〉2] 12 . (3.6)
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CHAPTER 4
RESULTS
4.1 Simulation Results
Results from the simulations are shown in Figs. 4.1-3 and parameters quan-
tifying the beam and image characteristics are listed in Tables 4.1-2. The
masking approach was only used in the first set of simulations of a point tar-
get at the elevation focus of the transducer, shown in Fig. 4.1, because the
results recorded in Table 4.1 clearly indicate that the best choice in further
experiments was to use the bridging approach.
To compare the utility of the technique under noisy conditions, additive
white Gaussian noise was added to the simulated RF data before beamform-
ing, resulting in an initial signal-to-noise ratio (SNR) of 35 dB and 10 dB
respectively. This is shown in the cross sections displayed in Fig. 4.2. After
beamforming, the mainlobe width was again estimated at -6 dB, and was
found to have not changed. This is because the two images used in the sub-
traction have similar noise profiles. To quantify this, the wire simulation
using an SNR of 10 dB was examined. A lateral line containing only noise
and no signal was taken from the dB scale post-beamformed image obtained
using the DC apodizations, and the image obtained using the zero-mean
apodization. These lateral lines were subtracted from one another, and the
variance of the difference was calculated. This variance was calculated to be
0.13 dB2, indicating very little difference between the two noisy lines. Sub-
tracting these two lines reduced the noise significantly, reducing the average
noise value from -19 dB in both lateral lines to -62 dB.
In the second set of simulations, the same simulated array was used to
image a set of point targets that were placed on axis at depths of 1, 2, 3
and 4 cm, the results of which are displayed in Table 4.2. Only the bridging
technique was used in the second set of simulations because the performance
14
Figure 4.1: Simulations of a point target located at the elevation focus of
the simulated transducer array. (a) Rectangular apodization. (b)
Rectangular apodization subtracting a square wave zero-mean apodization.
(c) Square wave bridge apodization subtracting a square wave zero-mean
apodization.
Table 4.1: Comparison of Point Targets
Apodization Rect Square Mask Square Bridge
Beamwidth (mm) 0.79 0.44 0.04
MSR (dB) -19 -10 -60
of the bridging technique in terms of lateral resolution and MSR was much
better than the masking technique. Because the length of the active portion
of the simulated array was approximately 10 mm (actual length 9.5 mm), the
targets lined up approximately with the f/#’s for focusing. For each target,
the mainlobe width was estimated at -6 dB, sidelobe levels were estimated,
and the MSR was calculated for each apodization approach.
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Figure 4.2: Simulations of a point target located at the elevation focus of
the simulated transducer array with different levels of SNR. (a)
Rectangular apodization. (b) Rectangular apodization subtracting a square
wave zero-mean apodization. (c) Square wave bridge apodization
subtracting a square wave zero-mean apodization.
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Figure 4.3: Simulations of point targets in a noise-free region. 32 element
subapertures were used with delay and sum to beamform. A rectangular
apodization (solid line) and a rect-bridge apodization approach (dashed
line) were used. (a) Image generated using the rectangular apodization
scheme. (b) Image generated using the rect-bridge apodization scheme. (c)
Cross section of a target at a depth of 1 cm. (d) Cross section of a target at
a depth of 2 cm. (e) Cross section of a target at a depth of 3 cm. (f) Cross
section of a target at a depth of 4 cm.
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Table 4.2: Comparison of Point Targets at Successive Depths
-6 dB Beamwidth (mm) MSR (dB)
Wire Target Depth (cm) Rect Rect-Bridge Rect Rect-Bridge
1 0.51 0.03 -16 -68
2 0.83 0.04 -19 -61
3 1.18 0.06 -20 -60
4 1.55 0.07 -20 -61
4.2 Experimental Results
Results from the ATS phantom experiments are shown in Figs. 4.4-6 and
Tables 4.3-4. Specifically, images of the wire targets are shown in Fig. 4.4
and associated metrics from cross sections are provided in Table 4.3. The
beamwidths that were estimated from the different wire targets under the
different NSI apodization schemes provided significant improvement over the
diffraction-limited rectangular apodization. The beamforming aperture used
was 9.7 mm, and the targets were located at depths of 1 cm, 2 cm, and
3 cm respectively. The beamforming aperture was chosen such that the
f/#s at each target depth would approximately be equal to 1, 2, and 3
respectively. In Table 4.3-b, the measured beamwidth values are shown in
terms of the wavelength of the center frequency of the pulse. At -6 dB,
the theoretical beamwidth values for an unapodized aperture are calculated
according to Df = 1.41λf#. The wavelength of the pulse used for imaging
was .29 mm. Thus, the widths measured for the 2 and 3 cm targets were
close to theoretical value; however, the 1 cm target was much larger than
the theoretical value. For the rect-bridge apodization scheme in the case
where c = 0.05, the beamwidth measured at -6 dB was narrower by a factor
of 25 compared to rectangular apodization, the diffraction limited case. In
addition, the MSR increased by an average of 25 dB when comparing the
rect-bridge apodization to rectangular apodization.
The images from anechoic targets are shown in Fig. 4.5 and the CNR values
are listed in Table 4.5 for the different apodization schemes. When examining
anechoic targets, the magnitude of the CNR was observed to decrease for NSI
compared to rectangular apodization. For the anechoic targets (Fig. 4.5), a
CNR of -0.71 was obtained using rect-bridge NSI, while using a rectangular
18
Figure 4.4: Images of the ATS539 phantom’s wire targets. (a) Rectangular
apodization. (b) Rect-bridge apodization, c = 0.05. (c) Rect-bridge
apodization, c = 0.1.
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Figure 4.5: Images of the ATS539 phantom’s anechoic contrast targets. (a)
Rectangular apodization. (b) Rect-bridge apodization, c = 0.05. (d)
Rect-bridge apodization, c = 0.1.
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Figure 4.6: Images of the ATS539 phantom’s hyperechoic contrast targets.
(a) Rectangular apodization. (b) Rect-bridge apodization, c = 0.05. (d)
Rect-bridge apodization, c = 0.1.
21
Table 4.3: Comparison of Wire Targets at Successive Depths
(a) Beamwidth (mm)
Apodization
Depth (cm) Rect Rect Bridge (c = 0.05) Rect Bridge (c = 0.1) DPSS (c = 0.05) DPSS (c = 0.1)
1 0.88 0.02 0.04 0.10 0.17
2 0.76 0.03 0.06 0.16 0.32
3 1.06 0.11 0.15 0.29 0.44
(b) Beamwidth (λ)
Apodization
Depth (cm) Rect Rect Bridge (c = 0.05) Rect Bridge (c = 0.1) DPSS (c = 0.05) DPSS (c = 0.1)
1 3.04 0.07 0.14 0.34 0.59
2 2.62 0.12 0.21 0.55 1.09
3 3.66 0.39 0.51 1.00 1.52
(c) MSR (dB)
Apodization
Depth (cm) Rect Rect Bridge (c = 0.05) Rect Bridge (c = 0.1) DPSS (c = 0.05) DPSS (c = 0.1)
1 -14 -33 -22 -32 -25
2 -17 -46 -42 -20 -20
3 -16 -43 -40 -22 -21
apodization yielded a CNR of -2.13. Therefore, based on the CNR metric
the NSI schemes reduced the ability to detect the anechoic targets.
Similar to the anechoic targets, when tasked with detecting and imaging
hyperechoic targets, NSI performed worse than rectangular apodization. Fig.
4.6 shows images of hyperechoic targets when using the different apodization
schemes. The associated CNR values are listed in Table 4.5. CNR values for
rectangular apodization and rect-bridge were 1.35 and 0.36, respectively.
The reduction of CNR for both the anechoic and hyperechoic targets when
using NSI is related to the change in the speckle characteristics that occur due
to the nonlinear processing of the images. To quantify this speckle, the sSNR
was calculated for images created using NSI and rectangular apodization. An
average sSNR of 1.99 was observed for the rectangular apodization, while an
average sSNR of 0.68 was observed for NSI. This indicates that for NSI, the
speckle was no longer fully developed, i.e., fully developed speckle has an
sSNR close to 1.91.
To improve the CNR for both anechoic and hyperechoic targets when using
NSI, the rectangular apodized and NSI images were compounded by adding
50% of the magnitude of the rectangular image to the NSI image. Fig. 4.7
and Figs. 4.9-10 show the compounded images for the NSI rect-bridge for
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Table 4.4: Comparison of Wire Targets at Successive Depths with
Compounding
(a) Beamwidth (mm)
Apodization
Depth (cm) Rect Rect Bridge (c = 0.05) Compounded
1 0.88 0.02 0.05
2 0.76 0.03 0.07
3 1.06 0.11 0.23
(b) Beamwidth (λ)
Apodization
Depth (cm) Rect Rect Bridge (c = 0.05) Compounded
1 3.04 0.07 0.17
2 2.62 0.12 0.24
3 3.66 0.39 0.79
Table 4.5: Comparison of CNR in Contrast Targets
(a) CNR of anechoic Target (dB)
Apodization
DC bias Rect Rect Bridge Rect Bridge, compounded w/ B-Mode DPSS DPSS, compounded w/ B-Mode
c = 0.05 -2.13 -0.71 -2.07 -0.47 -1.64
c = 0.1 -2.13 -0.71 -2.01 -0.48 -1.47
(b) CNR of Hyperechoic Target (dB)
Apodization
DC bias Rect Rect Bridge Rect Bridge, compounded w/ B-Mode DPSS DPSS, compounded w/ B-Mode
c = 0.05 1.35 0.36 1.30 0.31 1.10
c = 0.1 1.35 0.36 1.27 0.33 0.99
the wires, and both anechoic and hyperechoic targets. While compounding
the images mitigated the losses in CNR, it also resulted in a corresponding
decrease in the lateral resolution compared to only NSI. This was measured
by compounding the NSI image that included wire targets with the corre-
sponding B-mode image, and measuring the beamwidth from a lateral cross
section as before. This is illustrated by the cross sections shown in Fig.
4.8. Table 4.4 lists the new -6 dB measurements from the compounded wire
images, and Table 4.5 lists the CNR values achieved by compounding. It
was also observed that as depth increased, visibility of targets in NSI de-
creased compared to rectangular apodization, with targets of greater depth
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Figure 4.7: Images of the ATS539 phantom’s wire targets. (a) Rectangular
apodization. (b) Rect-bridge apodization, c = 0.05. (c) compounded NSI
and B-mode, weight factor = 50%.
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Figure 4.8: Cross sections of the ATS539 phantom’s 1 cm depth wire
target. (a) Rectangular apodization. (b) Rect-bridge apodization, c = 0.05.
(c) compounded NSI and B-mode, weight factor = 50%.
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Figure 4.9: Images of the ATS539 phantom’s anechoic targets. (a)
Rectangular apodization. (b) Rect-bridge apodization, c = 0.05. (c)
compounded NSI and B-mode, weight factor = 50%.
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Figure 4.10: Images of the ATS539 phantom’s hyperechoic target. (a)
Rectangular apodization. (b) Rect-bridge apodization, c = 0.05. (c)
compounded NSI and B-mode, weight factor = 50%.
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Table 4.6: Comparison of Wire Targets at Successive Depths with 10 dB
Pre-Beamformed SNR
(a) Post-Beamformed SNR (dB)
Apodization
Pre-BF SNR (dB) Rect Rect Bridge (c = 0.05)
35 44 51
10 21 37
even completely disappearing from the image.
The CNR metric decreased as the variance of the speckle increased. In the
case of the NSI image, speckle varies greatly because of the small resolution
cell generated by the null imaging. This causes the speckle to be underde-
veloped, thus decreasing the ability to see contrast between the background
speckle and either an anechoic or hyperechoic target. On the other hand, the
image constructed using rectangular apodization has fully developed speckle
in and around the contrast targets resulting in lower variance in the intensity
of the image, and thus higher CNR. This is illustrated by Fig. 4.11 which
shows the dB-scale envelope of an axial scan line through three wire tar-
gets for both a rectangular apodization and NSI. From these scan lines it is
clear that speckle variance significantly increases with NSI. The rectangular
apodization scanline has a variance of 210 dB2, whereas the NSI scanline has
a variance of 4600 dB2.
The influence of noise on the ability of NSI to produce images was as-
sessed. Fig. 4.12 shows images of the cross section across the wire targets
for different levels of noise added to the pre-beamformed data. Table 4.6
provides the SNRs in the NSI and rectangular images for different levels of
pre-beamformed noise. These values were calculated by subtracting out the
images where noise was not added from the beamformed images with noise,
scaling the result with respect to the maximum value in the “noiseless” im-
age, then taking the mean of the variances of each scan line. The result was
then put into a log scale.
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Figure 4.11: Decibel-scale envelopes of a scan line through three wire
targets. (a) Rectangular apodization. (b) NSI.
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Figure 4.12: Cross sections of the ATS539 phantom’s 1 cm depth wire
target without and with white Gaussian noise included prior to
beamforming. (a) Rectangular apodization, no noise added. (b) NSI, no
noise added. (c) Rectangular apodization, pre-beamformed SNR = 35 dB.
(d) NSI, pre-beamformed SNR = 35 dB. (e) Rectangular apodization,
pre-beamformed SNR = 10 dB. (f) NSI, pre-beamformed SNR = 10 dB.
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CHAPTER 5
DISCUSSION
A novel apodization scheme, NSI, was evaluated for engaging in specific imag-
ing tasks: detection of point-like targets, detection of anechoic targets and
detection of hyperechoic targets. The NSI imaging technique takes advantage
of the sharp roll-off of nulls in the beam pattern to produce images that can
have dramatically improved lateral resolution. To achieve these improve-
ments in lateral resolution requires subtraction of envelope-based images,
which results in a nonlinear image processing scheme.
Based on the images produced by NSI for specific imaging tasks, several
important observations can be made. First, when imaging wire targets, NSI
was able to produce images with very high lateral resolution, i.e., up to 25
times better than rectangular apodization, i.e., the diffraction limit. At the
same time, this improvement in lateral resolution was also associated with
a decrease in the sidelobe levels of the beam as evidenced by the estimates
of MSR. Furthermore, from Fig. 4.4 the NSI approach appears to suppress
speckle surrounding the small bright targets in the field, making these targets
stand out more than with rectangular apodization.
The wire target images suggest that an imaging mode using NSI could
perform better at detecting small specular targets in the field more than
traditional apodization approaches. Applications for NSI could include the
detection of microcalcifications. Microcalcifications are small deposits of cal-
cium in the body that typically form in clumps. The presence of micro-
calcifications in breast tissue is an important indicator of cancerous tissue;
however, medical ultrasound currently has a limited role in their detection
[15]. This is because microcalcifications, while highly reflective, are small
compared to the beamwidth of ultrasound and are thus not easily distin-
guished from each other. To test the ability of NSI to distinguish multiple
closely spaced targets, images were taken of two wires spaced less than 1 mm
apart laterally (displayed in Fig. 5.1).
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Figure 5.1: Images of two closely (< 1 mm) spaced wire targets. (a) Image
using a rectangular apodization. (b) Image using NSI.
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For the specific task of imaging anechoic targets, NSI did not perform
well compared to rectangular apodization. The CNR decreased dramatically
for the NSI images compared to rectangular apodization, i.e., -2.13 to -0.71.
This decrease in the CNR is due to the changes that occurred in the speckle
characteristics of the NSI images. Specifically, while the images produced
using rectangular apodization had fully developed speckle, the NSI images
did not have fully developed speckle. The speckle in the NSI images was
characterized by very small bright speckle spots. Part of the shrinking of the
speckle size is due to the narrowness of the NSI beam and part of the speckle
size reduction could be due to the nonlinear processing of the images with
NSI. As a result of the changes in the speckle, the intensity variations of the
images were much higher and the background of the images was characterized
by larger regions of dark space between speckle bright spots. This reduced
the ability to detect the anechoic targets.
In an attempt to improve the image quality, the NSI image was com-
pounded with the image created by rectangular apodization. These images
are displayed in Fig 4.9. In compounding the images, the drop in CNR
was mitigated and the ability to detect the anechoic targets was comparable
to rectangular apodization. According to the results listed in Tables 4.4-5,
lateral resolution decreased by a factor of 2.5, with the 1-cm depth target,
increasing the -6-dB beamwidth from 0.02 mm to 0.05 mm. However, most
of the CNR lost due to NSI was recovered with the anechoic target CNR
increasing in magnitude from -0.71 dB to -2.07 dB. At the same time, some
preservation of the edges of the anechoic targets was observed in the com-
pounded image suggesting that detect of margins may be increased with the
compounded NSI image over rectangular apodization. This could poten-
tially benefit cancer detection where characterization of the tumor margins
in anechoic masses is important for predicting cancer.
The third imaging task was to evaluate NSI for detection of hyperechoic
targets. Similar to the anechoic target detection, NSI provided much lower
CNR than rectangular apodization. Again, the loss in CNR for NSI was due
to the speckle characteristics, which did not have fully developed speckle.
Compounding conventional B-mode constructed using rectangular aperture
and NSI mitigated the CNR reduction with a tradeoff of loss in lateral res-
olution improvements associated with NSI. These images are shown in Fig.
4.10. With the same loss in lateral resolution as with the anechoic targets,
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Figure 5.2: Image of hyperechoic target with angular compounding.
the CNR of the anechoic target increased from 0.36 dB to 1.30 dB. Another
approach taken with hyperechoic targets was to compound images taken at
multiple transmit angles. An image of this approach is displayed in Fig. 5.2,
which is the result of compounding NSI images taken at transmit angles rang-
ing from -10 to 10 degrees in intervals of 5 degrees, resulting in 5 total angles.
This resulted in an increase in CNR to 0.97 dB, indicating that this method
did not perform as well as compounding with a rectangular apodization.
The robustness of NSI in the presence of noise was also evaluated. The
SNR of NSI was actually observed to increase over rectangular apodization.
Improvements in SNR of 16 dB were observed with NSI. These increases
in SNR are attributable to the process of image formation using NSI where
highly correlated signals are subtracted from one another. The subtraction
results in a cancellation of much of the noise present in the signals. For
additive white Gaussian noise applied to the prebeamformed data, noise dis-
torted the shape of the mainlobe but did not significantly impact the overall
-6 dB beamwidth. An observation that was made is as SNR decreases in
the pre-beamformed data, targets and sidelobes will more easily become in-
distinguishable from the noise as depth increases. This was observed when
the pre-beamformed SNR = 10. The wire target located at 3 cm depth
dissappeared in the noise.
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CHAPTER 6
CONCLUSION
With NSI, a factor of improvement in lateral resolution of at least 9 compared
to the rectangular apodization was achieved. In experiments, improvements
in lateral resolution of 25 times were observed with NSI compared to rect-
angular apodization. Improvement in sidelobes by an average of 22 dB over
the rectangular apodization was also observed when using the rect-bridge
approach. For contrast targets, a decrease in CNR was observed that could
not fully be compensated for. This makes our imaging technique ideal for
the detection of small, highly reflective targets, but not a one-size-fits-all
approach for all ultrasound imaging tasks.
There is still much work to be done with NSI. Two related problems are
the contrast and the speckle. It is still not well understood why the speckle
does not fully develop in an image, and understanding this could lead to
better contrast in NSI images. Another way to improve the contrast in NSI
could be to change the dynamic range of the images, putting the images
on a 10log() scale instead of the standard 20log() scale. Lastly, time gain
compensation measures could be taken to prevent the rapid attenuation that
NSI experiences with depth. Once these are well understood, NSI could be
used in conjunction with other imaging techniques such as tissue harmonic
imaging and phased array imaging.
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